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Citrus tristeza virus (CTV) has 10 39 open reading frames (ORFs) of unknown function except for the two coat proteins. The
highest produced subgenomic RNAs are those of the major coat protein gene (p25) and the 39 most genes, p20 and p23. The
proteins from three ORFs, p25, p27, and p20, were examined in the yeast two-hybrid assay for the interactions between
themselves and to one another. The p20 protein exhibited a high affinity for itself, suggesting that it might aggregate in
infected cells. The cytopathology of CTV infections includes characteristic paracrystalline and amorphous inclusions in the
phloem elements of infected citrus. Polyclonal antiserum raised against the bacterial expressed p20 gene product detected
a protein of ;22–23 kDa, which accumulated to relatively high levels in CTV-infected citrus, but not in healthy citrus.
Immunogold localization using antibodies to p20 protein showed strong and specific labeling of the amorphous inclusion
bodies present in CTV-infected cells. Mesophyll protoplasts of Nicotiana benthamiana transfected with a CTV mutant
containing the green fluorescent protein (GFP) ORF fused in-frame to the 39 end of p20 protein ORF expressed high levels
of GFP. The fusion protein was concentrated in one specific area in the cytoplasm and lacked an organized shape.
Accumulation of high levels of p20 protein in infected tissue, specific localization of the p20–GFP fusion protein, immuno-
localization of p20 protein into amorphous inclusions, and strong homologous p20 protein–p20 protein interactions in the
yeast-two-hybrid assay suggest that the p20 protein of CTV is a major component of the amorphous inclusion bodies present
in CTV-infected cells. © 2000 Academic PressINTRODUCTION
Citrus tristeza virus (CTV), a member of the genus
Closterovirus, family Closteroviridae, is the most eco-
nomically important virus of citrus. The virus causes
different disease syndromes depending on the isolate
and the scion/rootstock combination of the citrus tree.
Many CTV isolates cause decline and death of trees on
the most generally desirable rootstock, sour orange. Oth-
ers induce a stem-pitting disease on scions, which re-
sults in reduced vigor and small fruits on infected trees
regardless of the rootstock. Yet, some isolates are mild
and do not elicit symptoms in infected plants (Bar-Joseph
and Lee, 1989).
Virions of CTV are flexuous rods approximately 20003
10–12 nm (Bar-Joseph and Lee, 1989), encapsidated pri-
marily by the major coat protein (25 kDa) with approxi-
mately 5% of one terminus coated by the minor coat
protein (27 kDa) (Febres et al., 1996). The single-stranded
positive-sense RNA genome of ;20,000 nucleotides is
organized into 12 open reading frames (ORFs) (Fig. 1).
ORF 1a encodes a 349-kDa polyprotein with two pro-
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246tease-like domains, followed by methyltransferase-like
and helicase-like domains. ORF 1b contains an RNA-
dependent RNA polymerase-like domain that is thought
to be expressed by a 11 translational frameshift
(Karasev et al., 1995). The remaining 10 ORFs are ex-
pressed through 39 coterminal subgenomic (sg) mRNAs
(Hilf et al., 1995) that accumulate at greatly differing
levels during replication in protoplasts (Navas-Castillo et
al., 1997). The sgRNAs for p23 and p20 are more abun-
dant and probably produce more protein than other
ORFs, with the possible exception of CP. However,
among different CTV isolates, the ratios of these two
sgRNAs vary in abundance in infected trees (Hilf et al.,
1995).
Inclusion bodies in the phloem are prevalent and are
diagnostic of Closterovirus infections (Bar-Joseph et al.,
1979). Early investigations of CTV-infected tissue re-
vealed the presence of chromogenic bodies in the
phloem parenchyma cells adjacent to sieve tubes with
strands of dark staining masses and needle-like struc-
tures (Kitajima and Costa, 1968; Schneider and Sasaki,
1972). Staining with magenta and azure A suggested the
presence of nucleoproteins in fibrous and banded inclu-
sions (Christie and Edwardson, 1977; Garnsey et al.,
1980). In addition, phloem cells often contained one or
more structures with amorphic content and typical vesic-
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247p20 OF CTV ACCUMULATES IN AMORPHOUS INCLUSION BODIESular structures resembling those reported for Beet yel-
lows virus (BYV) (Esau and Hoefert, 1971). Electron mi-
croscopic observations of thin sections revealed the
presence of large numbers of CTV particles packed in
paracrystalline arrays in the phloem sieve elements (Bar-
Joseph et al., 1979). Inclusions also have been detected
in CTV-infected tissue by in situ immunofluorescence
(Brlansky et al., 1988). However, the composition of the
different inclusions present in tissues infected by members
of the genus Closterovirus has not been determined.
With the exception of the two coat proteins and the
recent observation of p23 protein as an RNA binding
protein (Lo´pez et al., 2000), little is known about the
functions of the other proteins encoded by the 39 ORFs of
CTV. Initially, we examined possible interactions of the
proteins encoded by the highly produced 39 mRNAs of
CTV as an approach to begin defining functions. Al-
though, mutual interactions were not observed, a strong
homologous interaction was observed with the p20 pro-
tein (translation product of ORF 10, see Fig. 1). Here, we
report the aggregation and probable role of the p20 gene
product in forming amorphous inclusions. We found that
the p20 protein accumulated in infected tissue, had a
high affinity for itself, and was localized mainly in in-
fected cells within the amorphous inclusion bodies, sug-
gesting that the p20 protein is a major component of the
amorphous inclusion bodies.
RESULTS
Analysis of p27, p25, p20, and p23 protein
interactions using the yeast two-hybrid system
We examined the interactions of p27, p25, p20, and p23
proteins to themselves and to one another using the
yeast two-hybrid system (Fields and Song, 1989) as an
indication of their possible homologous and heterolo-
gous interactions. The ORFs p27, p25, p20, and p23 (Fig.
1) were engineered into the Gal4 yeast shuttle vectors
pGAD424 and pGBT9. Plasmid GAD424 encodes the
N-terminal DNA binding domain of the Gal4 protein
(amino acids 1–147) and Leu2 auxotrophy, while pGBT9
encodes the C-terminal activation domain of the Gal4
protein (amino acids 768–881) and Trp1 auxotrophy. The
FIG. 1. Schematic representation of the organization of the CTV geno
ositions of the putative domains in the replicase, viz., papain-like prote
olymerase (RdRP), are indicated. The size of the genome in kilobases i
n the genome are indicated by shaded boxes.colonies of untransformed yeast PYF2 developed a aslightly pink color on solid YPD medium (Fig. 2, line 1). In
contrast, colonies of yeast cells transformed with plas-
mid pCL-1, which expressed wild-type Gal4 protein
(amino acids 1–881), developed bright blue color (on YPD
plates containing 5-bromo-4-chloro-3-indolyl-b-D-galac-
oside (X-gal)), indicating that b-galactosidase (b-gal)
activity was required for transcriptional activation by
Gal4 (not shown). Yeast cells cotransformed with the
vectors pGAD424 and PGBT9 did not produce blue col-
onies (Fig 2, line 2). Detectable interactions (blue colo-
nies on YPD plates containing X-gal) were observed
only with hybrid vector pairs containing CP and p20.
The transformation of yeast cells with plasmid pairs
pGAD424p20 plus pGBT9p20 or pGAD424CP plus
pGBT9CP produced blue colony streaks (Fig. 2, lines 4
and 5), but the color of the colonies expressing the CP
proteins was less intense than the p20 transformants
(Fig. 2, line 5 vs lane 4). Homologous combinations of
plasmids containing p27 ORFs or p23 ORFs did not
produce blue color (data not presented). The transfor-
e ORFs are represented by boxes and are numbered 1 through 11. The
RO), methyltransferase (MT), helicase (HEL), and RNA-dependent RNA
n by a solid line at the top. The positions of p27, CP, p20, and p23 ORFs
FIG. 2. Screen for the b-galactosidase activity of yeast cells trans-
formed with fusion constructs of GAD424 and GBT9 containing p20 and
CP ORFs as indicated to the left side of the figure. A colony from the
transformation was streaked onto filter paper, grown at 30°C, and then
assayed as described under Materials and Methods. The units of
activity of b-galactosidase of the liquid cultures from the transformantsme. Th
ase (P
s showre shown to the right.
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248 GOWDA ET AL.mants with pGAD424p20 plus pGBT9CP did not produce
any blue color, suggesting that there was no detectable
interaction between the CP and the p20 proteins (Fig. 2,
line 3). Similarly, detectable interactions were not ob-
served between heterologous combinations of all four
ORFs (data not shown). Representative colonies from
each transformation were grown in liquid culture for
quantification of the b-gal activity. The activity observed
ith all of the heterologous interactions was not higher
han the background activity of 10 units observed with
he untransformed yeast or the yeast transformed with
he vectors pGAD424 plus pGBT9 (Fig. 2, lines 1 and 2).
he activity observed with the homologous p20–p20 in-
eraction (275 units) was higher than the homologous
P–CP interaction (160 units) (Fig. 2, lines 4 and 5). We
ompared the CTV CP homologous interactions with that
f Tobacco mosaic virus (TMV) CP, which is known to
orm protein aggregates (Potschka et al., 1988). The TMV
P ORF was ligated into pGAD424 and pGBT9 and the
nteraction was measured in the transformed yeast cells.
he color of the colonies produced by TMV CP–CP in-
eraction was less blue than the dark blue colonies
bserved with CTV CP–CP interaction (data not shown),
uggesting weaker interaction between TMV CP sub-
nits compared with CTV CP subunits.
etection of the p20 protein in CTV-infected tissue
The high affinity of the p20 protein for itself suggested
hat this protein might form aggregates in infected cells.
n important question is whether this protein accumu-
T
ORF Primer
Primers for DNA synthesis and cloning of C
p25 (1) C-100 GGCGGAA
p25 (2) C-74 CGAAGATC
p27 (1) C-101 GGCGGAA
p27 (2) C-102 GACACTGC
p20 (1) C-106 GCGGGAA
p20 (2) C-107 CACACGTT
p23 (1) C-98 GGCGGAA
p23 (2) C-79 CAAGATCT
Primers for DNA synthesis and cloning of
CP (1) T-100 GGCGGAA
CP (2) T-35 GGGGGGA
Primers for DNA synthesis and
p20 (1) C-135 GACGCCA
p20 (2) C-136 GTATCTCG
a Primers are represented in the 59-39 direction. Nucleotides in boldf
n italics.ates to detectable levels in infected cells. We examined The accumulation levels of p20 protein in CTV-infected
issue by extracting total soluble proteins from the peti-
le and the midrib portions of the leaf and analyzed them
y SDS–polyacrylamide gel electrophoresis (SDS–PAGE)
nd immunoblots. In contrast to the major coat protein,
ery little p20 protein was extracted from the tissue when
he samples were prepared for SDS–PAGE using Laem-
li buffer (data not shown). However, SDS–PAGE analy-
is with ESB buffer that contained a high concentration of
rea and SDS (9 M urea, 4.5% SDS) revealed a band
orresponding to the p20 product in infected tissue that
as not detected in samples from healthy tissue (not
hown). Immunoblot analysis using a polyclonal anti-
erum produced in rabbit against the bacterial ex-
ressed p20 protein revealed a protein of ;22–23 kDa
Fig. 3, lanes 1 and 2, indicated by an arrowhead) that
as not found in tissue extracts from healthy plants (Fig.
, lanes 3 and 4).
ntracellular localization of the p20 protein
Since the p20 protein had a high affinity for itself and
ccumulated in infected cells, it is a candidate for a
onstituent of one of the inclusion bodies characteristic
f the CTV infection. We examined the in situ distribution
f p20 protein in infected tissue by immunogold labeling
f thin sections and transmission electron microscopy
TEM). Double-labeling using antibodies against p20
rotein and the major CP with different sizes of gold
articles allowed the localization of p20 protein and CP.
nlabeled ultrathin sections of the petiole analyzed by
equencea Restriction site
Fs into yeast vectors pGAD424 and pGBT9
CGACGAAACAAAGAAA EcoRI
CGTGTGTTGAATTTCC BglII
AGGTTATACAGTACT EcoRI
ATAAGTACTTACCCAA PstI
AGCTTACTTTAGTG EcoRI
GAAGCGTATTAAC PstI
TAATACTAGCGGACAA EcoRI
CGCGAGGAACTTATTC BglII
P into yeast vectors pGAD424 and pGBT9
TTACAGTATCACTACT EcoRI
AAGTTGCAGGACCAGA BamHI
of CTV p20 ORF into pET 15b
CGAGCTTACTTTAGTGTT NotI
CACGCAAGATGGAGAG XhoI
e indicate viral sequences, and restriction site sequences are shownABLE 1
S
TV OR
TTCGA
TTCAA
TTCGC
AGCT
TTCCG
CTGCA
TTCGA
AGTTC
TMV C
TTCTC
TCCTC
cloning
TGGGC
AGCTA
ace typEM contained amorphous inclusions that appeared as
249p20 OF CTV ACCUMULATES IN AMORPHOUS INCLUSION BODIESdark-stained bodies (Fig. 4A, P), surrounded by a large
number of flexuous filamentous virions (Fig. 4A, v), which
aligned horizontally and vertically through the sieve ele-
ments. Vesicles shown in the micrograph (Fig. 4A, VS)
are typical of Closterovirus infections (Bar-Joseph et al.,
1979). TEM of the ultrathin sections of the petiole from a
healthy citrus plant showed the phloem protein (Fig. 4B,
pp) in the sieve element (Fig. 4B, SE), and no labeling
was detected when the healthy tissue sections were
incubated with p20 protein antiserum and 20-nm GAR–
gold (goat anti-rabbit gold).
TEM of ultrathin sections of petioles from the CTV-
infected plants incubated with the p20 protein antiserum
and GAR–gold of 20 nm showed gold particles (G) local-
ized to amorphous inclusions (P) in the phloem (Fig. 4C).
Omission of postfixation with osmium tetroxide and the
use of the hydrophilic resin L. R. White allowed good
antibody localization using p20 protein polyclonal anti-
serum and CP monoclonal antibody 2F7. Few gold par-
ticles attached to p20 protein were observed in the
region surrounding the inclusion where a high concen-
tration of virions was present (Fig. 4C, v). When the
sections were incubated with monoclonal antibody to CP
and GAM–gold (goat anti-mouse gold) (10 nm in diame-
ter), most of the gold particles (Fig. 4, g) decorated the
virions (Fig. 4D, v) and was located outside the inclusion
(Fig. 4, P). Double-labeling of sections of the petiole from
a CTV-infected plant with p20 protein and CP antisera
demonstrated limited distribution of CP in the amor-
phous inclusions (Figs. 4E and 4F). These sections were
first labeled with p20 protein polyclonal antiserum fol-
lowed by 20-nm GAR–gold (G) and subsequently labeled
with CP monoclonal antibody 2F7 followed by 10-nm
GAM–gold (g). Most of the p20 protein-specific gold
particles (G) colocalized with the amorphous inclusions
(Figs. 4E and 4F, P), while most of the coat protein-
specific gold particles (g) were associated with virions
(Figs. 4E and 4F, v) and were outside the amorphous
FIG. 3. Immunoblot analysis of the extracts from two different CTV
T36-infected (lanes 1 and 2) and two different healthy citrus plants
(lanes 3 and 4) using polyclonal antiserum against bacterial expressed
p20 protein. Position of the p20 protein in the infected plants is indi-
cated by an arrowhead.inclusions. Occasionally, some virions were found dis-persed in the amorphous inclusion among p20 protein as
observed by the presence of 10-nm gold particles (Figs.
4E and 4F).
To further examine the localization of p20 protein, we
created a CTV mutant with the p20 ORF fused to a
marker protein gene, the green fluorescent protein (GFP)
from the jellyfish Aequorea victoria (Chalfie et al., 1994).
This marker gene was ligated in-frame to the 39 terminus
of the p20 ORF of a full-length CTV mutant (Satyanaray-
ana et al., 1999). RNA transcripts were transfected into N.
benthamiana protoplasts, and replication was examined
by Northern hybridization analysis. The CTV mutant,
which contained the p20–GFP ORF, replicated efficiently
and produced a larger p20 sgRNA (data not presented).
Deposition of the fused protein was examined using
fluorescence microscopy and scanning laser confocal
microscopy. The expressed GFP was localized to one
specific area in the cytoplasm in each infected protoplast
(Figs. 5A and 5B). The pattern of distribution of the GFP,
as a single dense mass per protoplast in the cytoplasm,
was in contrast to the diffuse distribution of GFP through-
out the cytoplasm when produced as a free protein by
the TMV-based expression vector (data not shown). In
serial sections of the protoplasts expressing p20–GFP
fusion protein examined with a laser confocal scanning
microscope, the region of GFP accumulation appeared
not as a solid structure but more like an aggregate
without any organized shape, similar to amorphous in-
clusions observed with CTV infections (Fig. 5B). The high
intensity of the fluorescence of the p20–GFP fusion pro-
tein in protoplasts confirmed the high level of accumu-
lation of the p20 protein in infected cells.
DISCUSSION
Several lines of evidence suggested that the p20 pro-
tein of CTV was produced abundantly in infected tissue.
Previously, we demonstrated that the p20 sgRNA was
produced at higher levels than other sgRNAs, including
that of the major coat protein, which suggested synthesis
of p20 at high levels (Navas-Castillo et al., 1997). SDS–
PAGE analysis of total protein from infected tissues ex-
tracted using ESB buffer resulted in a stained band of the
approximate size of p20. Immunoblot analysis indicated
that the protein occurred in high abundance as did the
fluorescence intensity of the p20–GFP fusion protein.
The requirement of ESB buffer, which contained high
concentrations of urea and SDS, to solubilize p20 protein
suggested that it was present as insoluble aggregates in
infected tissues.
The yeast two-hybrid assay demonstrated that the p20
protein has a high affinity for itself, suggesting that the
protein aggregates in some manner in vivo. The abun-
dance and self-affinity of p20 protein along with the
observations that the cytopathology of CTV includes
prominent inclusion bodies suggest that the p20 protein
is associated with one of the CTV inclusion bodies. The
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250 GOWDA ET AL.FIG. 4. Transmission electron microscope photomicrographs of CTV T36-infected tissue labeled with gold-conjugated antiserum against p20 protein and CP. (A)
CTV T36-infected phloem cell showing viral inclusion (P) and virus particles (v). The vesicles (VS) characteristic of closterovirus infection are indicated. Bar, 300 nm.
(B) TEM of phloem elements from a healthy plant showing sieve element (SE) with phloem protein (pp). This section was incubated with antiserum against p20
protein and 20-nm GAR–gold showing no background labeling. Bar, 2 mm. (C) TEM of phloem cell of CTV T36-infected tissue showing the inclusion body (P) and
irus particles (v). The section was labeled with antiserum against p20 protein and 20-nm GAR–gold (G). Note the localization of gold particles in the inclusions. Bar,
00 nm. (D) A phloem cell from CTV T36-infected tissue showing the inclusion bodies (P) and virions (v). The section was labeled with CP monoclonal antibody,
F7, and 10-nm gold (g). Most of the gold particles are found associated with the virions but some gold particles are seen in the inclusion. Bar, 200 nm. (E) TEM
f CTV T36-infected double-labeled phloem cell. The sections were first labeled with polyclonal antiserum against p20 protein and 20-nm GAR–gold (G), which
ocalized in the amorphous inclusions (P). The sections were then labeled with CP monoclonal antibody, 2F7, and 10-nm gold (g). A small number of gold decorated
irions (g) are seen in the amorphous inclusions. Bar, 200 nm. F shows enlargement of a portion of E to show specific double labeling. Bar, 200 nm.
sts.
251p20 OF CTV ACCUMULATES IN AMORPHOUS INCLUSION BODIESaccumulation of viral gene products in inclusions has
been observed with several groups of plant viruses;
FIG. 5. (A) A fluorescence image of the mesophyll protoplasts of N.
ORF fused in frame to the 39 end of the p20 ORF. The fluorescence was
G, GFP fluorescence; N, nucleus showing blue fluorescence (visualize
microscopy of the optical sections of the protoplasts show GFP aggre
but contains thread-like structures. G, GFP fluorescence; Ch, chloroplaexamples include the inclusion body matrix protein ofcaulimoviruses (Shepherd et al., 1979) and cytoplasmic
and nuclear inclusions of potyviruses (Dougherty and
iana transfected with a mutant CTV T36 cDNA clone containing GFP
ved by fluorescence microscopy and captured with the Smart Capture.
API); Ch, chloroplasts (showing red fluorescence). (B) Laser confocal
in the cytoplasm. The GFP aggregate does not show a definite shapebentham
obser
d by D
gationHiebert, 1980).
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252 GOWDA ET AL.The p20 protein appears to be the major constituent of
the amorphous inclusion bodies. When fused to GFP, the
fluorescence occurred in one concentrated area in the
cytoplasm of each infected protoplast. In ultrathin sec-
tions from CTV-infected tissue examined by TEM, p20
protein-specific antibodies associated primarily with the
amorphous inclusion bodies, while coat protein-specific
antibodies associated primarily with the crystalline inclu-
sion bodies that are thought to be composed of aggre-
gates of virions. The presence of other components in
the amorphous inclusion bodies cannot be excluded, but
the accumulation of large amounts of the p20 protein and
its aggregation potential suggest it to be a major com-
ponent of the amorphous inclusion bodies.
The major coat protein (p25) also had a relatively high
self-affinity, greater than that observed for the CP of TMV
in our assays. Although quantification of the yeast two-
hybrid assays can be flawed due to other properties of
the target proteins, if the self-affinity of CTV coat protein
is higher than that of TMV, it would give us some clues
about CTV assembly. The assembly process of TMV is
well understood (Bloomer and Butler, 1986). An initial
step in assembly is the aggregation of TMV coat protein
subunits into a 34-member helical disk that interacts with
the origin of assembly of the RNA molecule to initiate
formation of the rod-shaped virions. A greater CP–CP
affinity of CTV than that of TMV CP subunit would sug-
gest that the major coat protein of CTV would form some
type of aggregate prior to virion assembly. Interestingly,
the yeast two-hybrid assay did not detect self-affinity
between the CTV minor coat protein subunits (p27) or
between p27 and the major coat protein, p25. This might
suggest that the assembly process of the minor coat
protein may be different than the major coat protein or
that the minor coat protein is assembled into virions
without first forming aggregates.
Since some other members of the genus Closterovirus
have characteristic inclusion bodies, it is possible that
p20 homologues are involved in the formation of inclu-
sion bodies in cells infected by those viruses. The ORF 8
of BYV, which has some resemblance to CTV p20, en-
codes a 21-kDa protein. The abundant synthesis of this
sgRNA in infected protoplasts of Chenopodium quinoa
and in stem tissue and young leaves of Tetragonia ex-
pansa (He et al., 1997, 1998) suggests a high level of
synthesis of this protein during infection. Inclusions have
also been observed in tissue infected with Grapevine
leafroll virus (Zee et al., 1987; Faoro et al., 1991) and
lettuce infectious yellows virus (Medina et al., 1998). The
p20 protein of CTV is closely related at the amino acid
level with the gene product of the last ORF (p21) of BYV,
the type member of the genus Closterovirus (Peremyslov
et. al., 1998). Similar to CTV p20 sg RNA, BYV p21sg RNA
was shown to be expressed to relatively high levels early
in infection (Hagiwara et al., 1999). However, unlike CTV,
the BYV p21 was observed to act as an activator of viral
genome amplification (Peremyslov et al., 1998).Although we know where the p20 protein can occur
within the cell, its function remains obscure. Even though
it is one of the more abundantly produced CTV proteins,
the p20 protein is not required for replication, since
mutants with the p20 gene deleted replicated efficiently
in protoplasts (Satyanarayana et al., 1999). The coaccu-
mulation of cauliflower mosaic virus capsid protein (pIV)
and inclusion body protein (pVI) in the inclusions led to
the conclusion that they were the probable sites of virion
assembly (Shepherd et al., 1979). However, the amor-
phous inclusion bodies of CTV do not appear to be
involved in virus assembly, since based on the antibody-
localization experiments little CP appeared to be asso-
ciated with these amorphous inclusions. Additionally,
CTV mutants lacking the p20 gene efficiently replicated
and produced virions in protoplasts (Satyanarayana et
al., unpublished data).
MATERIALS AND METHODS
Analysis of protein affinities in the yeast two-hybrid
system
The Matchmaker Two-Hybrid system from Clontech
(Palo Alto, CA) was used for the yeast two-hybrid assay.
The yeast strain PSY-2 (kindly provided by Dr. Susan
Moyer, University of Florida) was used instead of
SFY526. The ORFs corresponding to p27, CP, p20, and
p23 of CTV and CP of TMV were amplified by polymerase
chain reaction (PCR) using the corresponding primers
listed in Table 1 from an infectious CTV T36 cDNA clone
(Satyanarayana et al., 1999) and infectious TMV cDNA
clone (Dawson et al., 1986), respectively. The 59 ends of
the primers were designed to maintain the reading frame
with the activation domain of pGAD424 and the DNA
binding domain of pGBT9. The amplified DNAs were
engineered into the yeast shuttle vectors pGAD424 and
pGBT9. The constructs were verified by restriction anal-
ysis and sequencing of the ligation sites to confirm the
maintenance of the continuous ORF using the primers
supplied by the manufacturer. Transformations and the
maintenance of plasmids in the yeast Saccharomyces
cerevisiae strain PSY-2 were carried out as outlined
in the manufacturer’s handbook. The colonies were
screened for b-gal activity using the filter assay. The
olonies were first transferred to Whatman No. 3 filter
aper by replica plating. The filter was immersed briefly
n liquid nitrogen and subsequently placed on filter paper
oaked with Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4,
10 mM KCl, 1 mM MgSO4, 50 mM b-mercaptoethanol, pH
7.0) containing X-gal and incubated at 30°C until the blue
color was visible. To quantitate the b-gal activity, the
individual yeast colonies were grown at 30°C in selec-
tive liquid medium. The cultures were harvested and the
b-gal activity was determined using o-nitrophenyl-b-D-
galactoside as substrate.
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253p20 OF CTV ACCUMULATES IN AMORPHOUS INCLUSION BODIESCloning of p20 gene, production of polyclonal
antiserum, and immunoblot analysis
Oligonucleotides (C-135 and C-136) corresponding to
the termini of ORF 10 (p20) were designed to create
unique NcoI and XhoI restriction sites at the 59 and 39
ends, respectively (Table 1). This manipulation generated
an extra codon, immediately next to the ATG start codon.
The p20 ORF was amplified by PCR from the T36 full-
length CTV clone (Satyanarayana et al., 1999) and engi-
neered between the NcoI and the XhoI restriction endo-
nuclease sites of the expression vector pET15b (Nova-
gen, Madison, WI). The resulting plasmid was used to
transform Escherichia coli BL21DE3, and the production
of p20 was induced with isopropyl-b-D-thio galactoside.
he induced protein was separated from the SDS–PAGE
nd was used to produce polyclonal antiserum in rabbit
Cocalico Biologicals, Reamstown, PA). The CP monoclo-
al antibody 2F7 was a gift from Dr. Charles Powell,
niversity of Florida. Total protein from the petioles and
ark from healthy and CTV T36-infected citrus plants
ere extracted by pulverizing 0.5 g of tissue in liquid
itrogen and grinding in ESB buffer (9 M urea, 4.5% SDS,
.5% b-mercaptoethanol and 75 mM Tris–HCl, pH 6.8)
ccording to Rubinson et al. (1997), analyzed by 12%
DS–PAGE, and electroblotted to nitrocellulose mem-
ranes using a semidry system (Hoeffer Scientific, San
rancisco, CA) following the manufacturer’s instructions.
he immunoblot analysis was performed as previously
escribed (Navas-Castillo et al., 1997).
mmunogold localization
The cellular location of p20 and p25 (CP) in CTV-
nfected tissue by immunogold labeling was examined
s described by Brlansky et al. (1992). Leaf petioles from
TV T36-infected etrog citron plants were cut into 3- to
-mm pieces and fixed with 2.5% glutaraldehyde in 0.06
phosphate buffer, pH 6.8, by brief infiltration under
ild vacuum. The samples were dehydrated in an etha-
ol series, embedded in L. R. White, cut into 85-nm
ltrathin sections, and placed on 200-mesh formvar-
oated nickel grids. The grids were incubated for 15 min
n 0.02 M Tris–HCl, pH 8.2, containing 1% BSA, and were
mmediately transferred to drops of primary antibody
p20 protein polyclonal antiserum) diluted 1/1000. The
rids were rinsed on drops of 0.02 M Tris–HCl buffer, pH
.2, containing 0.1% BSA (Tris–BSA) prior to the second
abeling. The CP monoclonal antibody 2F7, which has
een shown to detect severe CTV isolates in preliminary
tudies, was diluted 1/2000 in Tris–BSA and incubated
or 30 min at 37°C. The grids were rinsed on drops of
ris–BSA and incubated for 20 min at 37°C on drops of
econdary antibodies: gold-labeled goat anti-rabbit IgG
GAR–gold, 20 nm) or gold-labeled goat anti-mouse IgG
GAM–gold, 10 nm). The grids were subsequently rinsedith Tris–BSA, washed with water, and stained with% aqueous uranyl acetate and Reynold’s lead citrate
Reynolds, 1963).
ransfection of p20–GFP fusion constructs into
rotoplasts and observations with laser confocal
canning microscopy
A mutant of CTV with the GFP ORF fused in-frame to
he 39 end of the p20 ORF was transfected into N.
enthamiana mesophyll protoplasts as described previ-
usly (Satyanarayana et al., 1999). The expression of
FP in protoplasts was observed in a Leitz fluorescence
icroscope and captured by the Smart Capture program
Vysis, Downers Grove, IL). Nuclear staining was per-
ormed with DAPI/Vectashield (Vector Laboratories, Bur-
ingame, CA) in which the nuclei exhibit blue fluores-
ence. Confocal microscopy was performed with the use
f Zeiss Axiovert 100A microscope and the images
ere captured with a LSM 510 microscope (Zeiss, Jena,
ermany).
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